Intramontane basins may act as important sediment storage areas, serve as recorders of the history of deformation, record syntectonic deposition, and document the evolution of climatic conditions during deposition. We document the timing, cyclicity, and processes that led to the fi lling and reexcavation of the intramontane Quebrada del Toro basin in NW Argentina. Geomorphic and geologic observations indicate that the basin was fi lled with sediment that has been subsequently excavated at least two times in the last ~8 m.y. The last fi lling and excavation cycle occurred within the last 0.98 m.y. and has led to the deposition and removal of ~61.4 km 3 of material from the basin, leading to a basinwide averaged minimum denudation rate of 0.16 mm/yr. Aggradation within the basin took place due to channel steepening of the downstream fl uvial system that connects the intramontane basin to the foreland. This portion of the fl uvial system is actively incising through an uplifting bedrock zone. We use observations within the Toro to test a quasiphysically based model of channel aggradation behind a rising base level that rises due to downstream channel steepening. Our work shows that the bedrock incision rate constant required to reproduce conditions observed within the Toro basin is consistent with values measured independently in similar rock types. Therefore, in intramontane basins that experience similar processes of fi lling and evacuation, this model may be used to assess the relative importance of tectonic rock uplift, bedrock resistance to fl uvial incision, and climate in determining the geomorphic and sedimentologic history of these basins.
INTRODUCTION
Fault-bounded intramontane basins are an integral part of thrust belts and often form behind actively growing topography. They are therefore important recorders of deformation, erosion, and syntectonic deposition. Due to the dynamic nature of such environments, sedimentary units contained in these basins have abundant unconformities, growth strata (e.g., DeCelles et al., 1991; Suppe et al., 1992; Jordan et al., 1993) , and pronounced variation in clast size and sediment type (e.g., DeCelles and Giles, 1996) . In addition, the basin sediments may record important climatic changes related to orographic barrier uplift (Kleinert and Strecker, 2001; Starck and Anzótegui, 2001) . Documentation of the processes, timing, episodicity, and cyclicity of fi lling and reexcavation of these basins is often hampered by a lack of radiometrically datable strata and the pervasiveness of coarse clastic units not amenable to magnetostratigraphic dating. In some intramontane basins located in the hinterland of volcanic arcs, however, the fortuitous combination of preserved landforms and abundant intercalated volcanic ashes may resolve the timing of fi lling and reexcavation, tectonic activity, and geomorphic evolution necessary to understand the dynamics of these depozones. In addition, these observations may be used to evaluate quasi-process-based models of the evolution of developing intramontane basins (e.g., . Both observations and theoretical predictions may subsequently be used to understand the general principles of intramontane basin evolution in other regions.
In this study, we document the processes of basin fi lling and reexcavation within the Quebrada del Toro basin (hereafter referred to as the Toro basin) in northwestern Argentina at ~24°S. This basin is located between the eastern Puna border and the southern Eastern Cordillera ( Fig. 1 ) and is hydrologically connected to the foreland by the Río Toro through a narrow, fault-bounded bedrock gorge. Within the basin, the timing and processes of fi lling behind a rising topographic barrier are well recorded by structural, stratigraphic, and geomorphic relationships.
We fi rst constrain the timing and processes of the steepening and defeat of the range-traversing fl uvial system. Secondly, we document the fi lling of basins formed behind the fragmented network, the subsequent recapture of the basin by headward erosion, and fi nally the reexcavation of the basin fi ll. Thirdly, we use these observations to test the model of channel defeat and basin fi lling proposed by for structurally similar basins in the adjacent arid Puna Plateau. Our study shows that this simple model may be used in other basins to understand the relative importance of basin geometry, climate, uplift, incision processes, and the resistance of bedrock to fl uvial incision in the establishment of internal drainage.
METHODS
We document hydrologic isolation and reintegration of the Toro basin by mapping of geologic units, compilation of radiometric ages, Quaternary surfaces, and active structures. In addition, we use sedimentologic observations to constrain the depositional environment, source, and composition of the basin-fi ll deposits, and Digital Elevation Model (DEM) analysis of the topography to characterize the geometry of the basin. Relationships between faults, the deposition of basin-fi ll units, and geomorphic surfaces were mapped on ~1:25,000 scale aerial photography and rectifi ed CORONA and LANDSAT TM satellite images and compiled into a Geographic Information System (GIS) for map generalization and presentation. Paleocurrent directions within the sediments were inferred from clast imbrications collected at 19 sites throughout the basin. At each site, ~50 clast imbrications were measured and corrected for any tilting and folding of the sedimentary units. Clast compositions of sedimentary units at 21 sites within the basin were used to constrain temporal changes in sediment sources. To determine the elevations of the different geomorphic surfaces and the volume of sediment removed by river incision, we created 1:25,000 scale contour maps. These contour maps were combined with mapped channels in the area and converted to 30-m-resolution DEMs using the Topogrid algorithm (Hutchinson, 1989) in the Arc/INFO software package. Total volume removal during basin excavation was calculated by reconstructing and extrapolating the highest terrace surface across the basin to determine the level to which the basin was formerly fi lled and subtracting the present-day topography from this surface. The DEM was also used in conjunction with the geologic maps to construct along-channel profi les.
GEOLOGIC OBSERVATIONS OF FILLING AND EXCAVATION

Structural, Sedimentologic, Geomorphic, and Climatic Setting
The Toro basin is one of a series of reversefault-bounded basins between the arid Puna Plateau to the west and the humid foreland to the east (Figs. 2 and 3 ). Plio-Pleistocene contraction and uplift east of the Puna have contributed to the compartmentalization of the foreland into intramontane basins and intervening ranges such as the Toro basin and its surrounding highlands (Strecker et al., 1989; Marrett et al., 1994; Kleinert and Strecker, 2001) . Deformation is accommodated within bivergent reverse-fault-bounded mountain blocks that uplift Precambrian through Paleozoic basement rocks. In the vicinity of the Toro basin, uplifted basement lithologies include weakly metamorphosed Eocambrian fl ysch units (Puncoviscana Formation), Proterozoic granite, and Paleozoic quartzite (Mesón and Santa Victoria groups), locally covered by Upper Cretaceous to Eocene sandstones and carbonates (mainly Yacoraite Formation of the Salta Group) (Reyes and Salfity, 1973) . Over the Paleozoic and Cretaceous units lies a series of late Miocene basin sediments that were part of a continuous foreland basin until ca. 6.4 Ma (magnetostratigraphic study area shown as PS in Fig. 3 ; Viramonte et al., 1994; Reynolds et al., 2000) . However, clast provenance in the upper portion of this sequence indicates that the Sierra Pasha to the east (Fig. 4) was being unroofed prior to this time (R. Alonso, 2004, personal commun.) . The infl ux of clasts derived from Sierra Pasha to basins farther east commenced sometime between 8.73 Ma and 7.5 Ma (Viramonte et al., 1994) and constitutes a thickness between 500 and 1300 m. Along the eastern margin of the ranges between this site and the Toro basin (Fig. 3B) , the contact between the Puncoviscana Formation and the overlying Mesón group is currently between 3000-3500 m above the location of the east-verging fault responsible for the uplift of the units (Mikuz, 2002) . In addition, a series of uplifted bedrock terraces at the eastern range front along the Río Toro (locations shown in Fig. 4 ; features shown in Fig. 5 ) indicate that this uplift is ongoing. Therefore, faulting along the eastern margin of the ranges bounding the Toro region has produced a total of between 3500 and 4800 m of rock uplift in the last 8.73-7.5 m.y., leading to a long-term average rock-uplift rate with respect to the footwall of 0.40-0.64 mm/yr.
The funnel-shaped Toro basin contains a rich and well-exposed section of syntectonic basin-fi ll units that have been deformed by repeated faulting along the margins and within the interior of the basin ( Fig. 3A ; Marrett et al., 1994; Marrett and Allmendinger, 1990; Marrett and Strecker, 2000) . In general, the shape of the Toro basin has resulted from a reorientation of maximum shortening in the region from WNW prior to the Quaternary to ENE during the Quaternary (Marrett and Allmendinger, 1990; Marrett et al., 1994; Marrett and Strecker, 2000) . The western and northwestern margin of the basin is bordered by the east-verging Solá and San Bernardo faults, respectively, while the west-verging Gólgota fault marks the eastern boundary between the basin and the uplifting range to the west ( Fig. 3A ; Schwab and Schäfer, 1976; Marrett and Strecker, 2000) . The middle Miocene foreland strata within the basin belong to the Agujas Conglomerate that contains granitic and volcanic units from the ranges bounding the Puna. This indicates that tectonic activity on the eastern edge of the Puna and in the protoEastern Cordillera (Marrett and Strecker, 2000) was ongoing during this time.
The present channel elevation of the Río Toro is between 2000 and 2650 m; however, remnants of once contiguous geomorphic surfaces exist up to 600 m above the channel. The surrounding ranges have elevations in excess of 5000 m, and in the case of Sierra Pasha (Fig. 3A) , were repeatedly glaciated during the Pleistocene. Downstream from the Toro basin and the sedimentary fi ll units, the Río Toro crosses the southern part of the Gólgota Fault and enters a narrow gorge that exposes basement rocks (Figs. 3A and 3B) . The gorge terminates at the fault-bounded mountain front of the Sierra Pasha Sur, while the river fl ows eastward into the intramontane Lerma Valley (Fig. 3A) . Thus, the upper reaches of the Río Toro traverse highly erodible Tertiary and Quaternary sediments while the downstream portions incise metamorphic basement rocks exposed south of the Gólgota Fault.
The meridianal orientation of the Eastern Cordillera concentrates moisture along its eastern fl ank, creating a steep precipitation gradient between the humid foreland and the arid Toro basin (Fig. 2B) . Mean annual precipitation within the Lerma Valley (Fig. 3A) is ~1200 mm/yr, while the leeward Toro basin receives an average of 260 mm/yr (WMO, 1975) . Similar to other basins along the Puna, the outlet of the Toro basin allows penetration of moisture into the gorge and ultimately the Toro basin.
Basin Filling and Excavation
The lowest 200 m of the Plio-Pleistocene basin-fi ll section comprises sandstones and intercalated conglomerates that laterally grade into fern fossil-bearing lacustrine deposits in the southern part of the basin near Estación Solá (Fig. 4) . This unit unconformably overlies the Miocene deposits that are older than 8 Ma (Marrett and Strecker, 2000) . The presence of these fossils in the lower section of the Pliocene unit suggests that annual precipitation was signifi cantly greater than now (R. Alonso, 2001, personal commun.) . These fl uvio-lacustrine units are conformably overlain by coarse conglomerates (hereafter referred to as the Alfarcito Conglomerate) that contain a 4.17 Ma tuff in the lower part of the conglomeratic section (Marrett and Strecker, 2000) . The Alfarcito Conglomerate and the underlying units are locally deformed by faulting along the basin margins and within the basin. Growth strata within the conglomerate that contain a volcanic tuff dated 0.98 Ma (Marrett et al., 1994) indicated that deposition took place during deformation.
Undated Quaternary conglomerates at least 700 m thick are separated from the underlying Alfarcito Conglomerate by an angular unconformity. Pronounced relief (>100 m) along the unconformity suggests that partial removal of the Alfarcito Conglomerate preceded the deposition of these younger Quaternary units. Currently, the highest exposures of the Quaternary conglomerate unit are ~700 m above the current base level, and the upper section of these outcrops forms a series of deeply dissected erosional surface remnants. Therefore, after the deposition of this unit (post-0.98 Ma), the Río Toro has cut through its entire thickness and exposed the Alfarcito conglomerate, Miocene strata and basement rocks. Miocene volcanic rocks and overlying Quaternary boulder conglomerates are exposed along the axis of a northward-plunging anticline (Fig. 4) . The erosional resistance of these units preserves their high topography, whereas areas to the east and west are deeply incised (Figs. 3 and 4) .
We plot the paleofl ow directions within the lower and upper Alfarcito Formation and the Quaternary Conglomerate in Figures 6A, 6B , and 6C, respectively. The lower Alfarcito Conglomerate (<8-4.17 Ma) is a clast-supported, medium-bedded conglomerate with subrounded to rounded clasts. The clasts are generally well imbricated, and lack of a well-defi ned and repeating fi ning-upward sequence suggests that this section was deposited during west to east fl ow in a gravel-dominated, low-sinuosity fl uvial environment (Fig. 6A) . Clast lithologies are dominated by rocks of the extensively exposed Puncoviscana Formation. A relatively minor component of quartzite currently found in the eastern basin-bounding ranges suggests that there was no signifi cant exposure of this lithology to the east (Fig. 6A) . The upper portion of the Alfarcito conglomerate (deposited between 4.17 and 0.98 Ma; Fig. 6B ) consists of a clastsupported medium-pebble conglomerate containing subrounded to subangular clasts. Sandy interbeds ~40 cm thick are intercalated with the conglomeratic beds. Clast imbrications are well developed and indicate a transport direction dominantly from north to south in a gravelly bedload-dominated environment (Fig. 6B) . Source lithologies are dominated by the Puncoviscana Formation, whereas the abundance of rock types typical for the Puna margin at this latitude, such as porphyritic volcanics and green volcanic breccias, is similar to that of the lower Alfarcito Conglomerate.
Finally, the timing of deposition of the Quaternary Conglomerate is bracketed by the 0.98 Ma 40 Ar/ 39 Ar age in the underlying deformed Alfarcito Conglomerate (Marrett et al., 1994 ) and a 30 ka lacustrine unit deposited within a terrace inset into the Quaternary Conglomerate (Trauth and Strecker, 1999) . The Quaternary Conglomerate is a matrixsupported, poorly sorted and bedded deposit. Clasts are angular to subangular, and average clast size generally increases with proximity to the range front. Fluvial reworking and occasional fl uvial deposition allowed us to measure The relationship between the fault-bounded Puncoviscana Formation within the gorge, the post-0.98 Ma Quaternary Conglomerate, and geomorphic surfaces within the Toro basin and along the gorge south of it indicates that deposition of this conglomerate resulted from steepening of the channel within the gorge and the fi lling of the upstream Toro basin. First, uplifted strath terraces at the downstream outlet of the Río Toro indicate that the Sierra Pasha Sur has been undergoing uplift during the Quaternary (Fig. 7A) . Second, geomorphic surfaces within the Toro basin have not formed in bedrock, but rather have been cut into Plio-Pleistocene fi ll units (Fig. 7C) . Therefore, basement ranges bounding the Toro basin have been and continue to undergo relative rock uplift. In contrast, while it may be part of regional warping related to uplift of the adjacent Puna, the Toro basin has not experienced this degree of uplift, resulting in aggradation as the downstream fl uvial system steepens (e.g., Humphrey and Konrad, 2000) . In addition, the currently observed channel gradients within the uplifting bedrock zone are steeper than those north of the Gólgota Fault (Fig. 7B ). The highest gravel-covered erosional surface remnants of the Quaternary Conglomerate comprise gently inclined surfaces that appear to buttress the rising bedrock barrier. These geometric relationships, the consistent local clast source of the Quatermary Conglomerate, and paleofl ow directions suggest that the basin was probably either closed or on the threshold of being hydrologically isolated during the late stages of the deposition of the Quaternary Conglomerate.
Erosional removal of the Plio-Pleistocene conglomerates created a series of at least seven inset fl uvial terraces within the basin and noncorrelative strath terraces within the Río Toro gorge (Fig. 7) and thus was episodic. Figure 8 shows the spatial distribution of material removed since the abandonment of the highest erosional surface. The total volume of sediment removed since deposition of the Quaternary conglomerate is 61.4 km 3 . This erosion has taken place since 0.98 Ma, leading to a minimum basin-wide averaged erosion rate of 0.16 mm/yr. However, because the minimum age of the last basin-wide aggradation episode is 0.98 Ma and erosion is consequently younger, this rate represents an absolute minimum average rate and is probably much higher.
Relationships between the locus of incision, the geologic structures, and different lithologies can be seen in Figure 8 . First, the lowermost sections of the Río Toro trunk stream (Fig. 8 , label A) have begun to incise through the underlying unconformity with the Tertiary units and has thus reoccupied the base level prior to deposition of the Plio-Pleistocene conglomerates. Second, maximum erosion in the basin is concentrated within E-W trending tributaries and areas to the east (label B) of the N-S-oriented anticline (Fig. 8) . The tributaries that have incised through the Miocene volcaniclastic rocks within the anticline are constricted. Where the downcutting of these streams has reached areas to the east of the anticline, erosional removal of unconsolidated or weakly consolidated units is effi cient (Fig. 8, label C) . In these areas, relatively planar erosional surfaces are graded to the base level of each tributary.
Synthesis of Geologic and Geomorphic Data
The regional tectonic and stratigraphic relationships in the greater Toro basin area record the transition from a foreland basin to an intramontane basin, where sediments subsequently folded after 6.4 Ma (Viramonte et al., 1994; Reynolds et al., 2000) , when uplift within the Sierra Pasha apparently created suffi cient topography to starve the foreland of Puna-derived lithologies (Fig. 9) . The uplift of the Sierra Pasha was accompanied by deformation at least partially accommodated along the proto-Solá fault on the west and subsequent erosion of the Tertiary section in the Toro basin. This was followed by deposition of the lacustrine units and the lower Alfarcito conglomerate. During this time, uplift within the Sierra Pasha was apparently insuffi cient to create signifi cant topography to have blocked moisture transport and eastward paleofl ow as recorded within the lower Alfarcito unit. The fact that topography existed within the Sierra Pasha (Viramonte et al., 1994; Reynolds et al., 2000) and that there are only eastward and southward paleofl ow directions in the sediments suggests that the position of the axial trunk stream was east of the exposed lower Alfarcito outcrops (Fig. 9) .
By the time of the deposition of the upper Alfarcito conglomerate (<4.17 Ma), deformation had been renewed within the basin, resulting in folding and syntectonic deposition of conglomerates. The character of these sediments suggests that they were deposited in a broken foreland setting in which uplift of the range to the east disrupted the W-E fl owing channels and forced fl ow parallel to the strike of the uplifting range. Despite a rising downstream base level, the lack of lacustrine intercalations and southward-directed paleofl ow indicators suggests that the basin probably remained externally drained. After 0.98 Ma, thrusting along the Solá Fault and the basin margins deformed the entire Alfarcito section. Associated with these events was erosion recorded by the angular unconformity between the deformed Alfarcito conglomerate and overlying units (Fig. 9) .
The excavation of the Alfarcito conglomerate provided space for renewed aggradation of coarse conglomerates sometime after 0.98 Ma. The composition and paleofl ow indicators of these deposits suggest renewed relative uplift or climate changes affecting the surrounding ranges or a combination thereof. However, following deposition, the conglomerates were incised as documented by terraces between 600 m and ~30 m above the present base level (Fig. 9) .
In summary, these observations document cyclic fi lling and reexcavation of the Toro basin that has recurred over millions of years. While the base of the Toro basin has risen over its history, most of the rock uplift in the area is accommodated within the surrounding ranges. In response to this uplift, the portions of the Río Toro channel traversing these ranges have apparently steepened, resulting in aggradation in the upstream Toro basin. Furthermore, the spatial coincidence of the high topography and the steep precipitation gradients currently observed suggests that surface uplift within this range has created steep precipitation gradients with ensuing aridifi cation.
MODELING BASIN FILLING AND THE ESTABLISHMENT OF INTERNAL DRAINAGE IN THE TORO BASIN
Model Formulation
Observations from the Toro basin indicate that basin fi lling and perhaps eventual hydrologic isolation from the foreland resulted from the inability of aggradation within the basin to keep pace with uplift within the southern Sierra Pascha. This situation is analogous to the establishment of internal drainage in the Puna Plateau proposed by . In their formulation, uplift within a rising, bedrockcored zone induces simultaneous aggradation behind the rising barrier and fl uvial incision into bedrock within the uplifting area (Fig. 10) . They found that the establishment of internal drainage is determined by a threshold that depends on the ratio of the rock uplift within the bedrock-cored zone to the square root of the product of the transport constant of the channel and bedrock incision constant in the following manner:
Variables and units in equation 1 are listed in Table 1 . In a qualitative sense, as the rock-uplift rate increases relative to the transport effi ciency and incision capability of channels (left-hand side of equation 1), internal drainage is increasingly favored. The threshold between internal and external drainage is defi ned by a unique value of U KD c , and so values of U KD c greater than and less than this will result in the hydrologic isolation of these basins and preservation of external drainage, respectively. The Toro basin presents a unique opportunity to test this model because (1) the process of aggradation due to downstream channel steepening is directly observed within this basin; (2) geologic observations and DEM calculations allow constraints to be placed on most variables in the formulation; and (3) the Toro basin has fl uctuated between large magnitude aggradation and incision over the past ~8 m.y. Therefore, the basin probably lies close to its threshold of hydrologic isolation, and small changes in uplift rate, rock erodibility conditions, and/or precipitation may lead to downstream channel steepening, upstream aggradation, and hydrologic isolation. Under these conditions, the U KD c ratio appropriate for the Toro basin should be captured by equation 1.
Unlike the model by , the Toro basin has had repeated cycles of fi lling and reexcavation, and so the model must be modifi ed to account for the effects of preexisting downstream topography and basin-incision events. We consider only the most recent aggradational episode within the basin (deposition of the post-0.98 Ma Quaternary Conglomerate) because (1) we do not have the temporal constraints on the deposition of the Alfarcito Conglomerate that are required to construct a meaningful model of the basin-fi lling event(s) during this time; and (2) the changing paleofl ow directions within the Alfarcito Conglomerate suggest that the catchment geometry was different than that observed today, and so current basin measurements probably do not accurately represent the paleogeometry of the basin. Prior to the deposition of the Quaternary Conglomerate, the base level within the Toro basin (and thus at the interface between the uplifting Sierra Pasha and the basin) was close to its current base level, as the Río Toro has recently begun to erode through the unconformity between late Miocene and Plio-Pleistocene units. The current channel geometry is thus similar to that at the commencement of the latest massive conglomeratic deposition. If the foreland base level has remained approximately fi xed, then channel slopes within the downstream incising section and upstream aggrading section were different prior to the onset of the most recent depositional episode (Fig. 8) . Therefore, we modify the model by to account for the effects of preexisting topography by allowing the initial channel slopes to differ within the southern Sierra Pasha and Toro basin. Implementing this change, the threshold of channel defeat becomes
where S u and S b are the initial channel slopes in the southern Sierra Pasha and Toro basin, respectively. Our general approach is to use constraints on the parameters in equation 2 to solve for the unknown values, particularly the poorly known bedrock erodibility constant, K. We then compare the value of K determined in the Toro basin within independently derived estimates in similar rock types and climatic conditions. In this way, we provide a semiquantitative test for this model to determine if its predictions are consistent with independent observations.
Constraints on Model Parameters in the Toro Basin
We constrained U, S b , S u , h, k a , W b , W u , and D c in the Toro basin using geologic observations and DEM and precipitation analyses (Table 2) . First, the key elements of the model can be identifi ed in Figure 8 . Upstream from the stable foreland base level is the detachment-limited portion of the channel comprised of the faultbounded, doubly vergent wedge of metamorphic basement rocks found in the Sierra Pasha. Presently, the downstream portions of this channel are mantled by gravel deposited in a braided stream system. However, the extensive preservation of strath terraces within the Río Toro gorge with thin sedimentary cover suggests that the long-term behavior of this part of the channel is incision through bedrock. Upstream of this portion of the channel are the thick Quaternary conglomerates that represent aggradation of the transport-limited section of the channel behind the rising Sierra Pasha.
Long-term rock-uplift rates within the Sierra Pasha have averaged ~0.40-0.64 mm/yr. We estimated the initial channel slopes within and behind the Sierra Pasha (S u and S b ) to be 1.9 × 10 −2 and 2.5 × 10 −2
, respectively. Using our high-resolution DEM combined with the Shuttle Radar Topography Mission (SRTM) DEM, we created a hydrologically corrected 90 m DEM of the entire basin using a pit-fi ll algorithm (Tarboton et al., 1991) available in the Arc/INFO GIS software that removes closed basins resulting from imprecision in the digital topographic data. We calculated channel length and upstream catchment area for each point in the DEM and performed a nonlinear regression between the two for all catchment areas greater than ~3 km 2 . This regression yields estimates for the power function relating area to channel length (e.g., Hack, 1957) . In the case of the Toro basin, best-fi t values for k a and h were 8.52 and 1.62, respectively (for analysis details, see Whipple, 2001; Hilley and Strecker, 2004) . Using this DEM and the observed upstream location of the beginning of aggradation, we estimated the along-channel length of the transport-and detachment-limited sections of the channel to be W b = 48 km and W u = 50 km.
The fi nal parameter we constrained in equation 2 was the adjusted mass diffusivity, D c . Paola et al. (1992) found that the absence of a critical shear-stress threshold required for sediment Basin geometry scaling constant Hack (1957) . h Basin geometry scaling exponent Hack (1957) . m Area scaling factor in power-law incision model Howard and Kerby (1983) ; Whipple and Tucker (1999) ; Whipple et al. (2000) . n Slope scaling factor in power-law incision model Whipple and Tucker (1999) ; Whipple et al. (2000) .
entrainment implied a diffusion relationship between the local channel slope (S) and the volumetric sediment fl ux in the channel (Q s ):
where υ is the mass diffusivity, which is equal to:
where <q> is the time-averaged water discharge [m 3
/yr], E is a nondimensional constant that is 1 for meandering rivers and 0.2-0.4 for braided channels (Parker, 1978) , c f is the drag coeffi cient (typically ~0.01; Paola et al., 1992) , C o is the sediment concentration, and s is the specifi c gravity of the sediment (~2.7; Paola et al., 1992) . Because the only variable in equation 3 that varies with effective precipitation is <q>, we can rewrite υ in terms of <q> for the case of meandering and braided channels as (Paola et al., 1992) : υ = 0.67 <q> for meandering channels (5a) υ = 0.10 <q> for braided channels.
To partially account for the effect of downstream increases in discharge, added a catchment area term (A) to equation 3:
where
in this context. In general, discharge is commonly related to catchment area by a power function (Dunne and Leopold, 1978) :
or in time-averaged variables:
where <c> and <b> are time-averaged values of c and b. By comparison of equations 4, 6, and 8, it is apparent that one of the implicit assumptions by the formulation of is that <b> = 1. This implies that no water infi ltrates in the landscape and that the time-averaged discharge is directly proportional to the catchment area times the time-averaged precipitation rate (<c> in this context). In the Toro basin, channel deposits indicate that braided fl uvial systems transported sediment within the basin over the last <8 m.y. Therefore, we substitute equation 5b into 7 and 8b to fi nd that:
where <c> is the time-averaged precipitation rate [m/yr]. Therefore, we can place bounds on the adjusted mass diffusivity knowing the timeaveraged precipitation rate, <c>. We can place some constraints on <c> based on the current distribution of precipitation in the area. First, the magnitude of the mean annual precipitation in the area is strongly controlled by the distribution of topography (Fig. 2) . The humid foreland contains relatively few ranges that intercept predominantly east-northeastward derived precipitation, resulting in ~1.2 m/yr of mean annual precipitation. Conversely, the topography of the Sierra Pasha reduces precipitation on its leeward side, leading to an average of 0.260 m/yr of precipitation within the Toro basin (WMO, 1975; Bianchi and Yañez, 1992; Haselton et al., 2002) . Farther to the south, uplift of the windward ranges has led to the progressive aridifi cation of leeward basins (Kleinert and Strecker, 2001 ). Likewise, the transition from a more humid climate recorded by the fern-bearing fossil units at the base of the Alfarcito Conglomerate to the arid conditions indicate an overall drying trend in the Toro basin over the last several m.y. Therefore, a minimum value for D c likely lies around 0.0260 m/yr.
An upper bound on D c can be estimated from the thickness of the sediments within the Toro basin that accumulated behind the rising downstream topography. Field observations and DEM measurements indicate that 600 m of incision has occurred between the highest preserved geomorphic surface and the current channel elevation within the basin (section 3). In the model by , the time at which hydrologic isolation occurs is:
The thickness of the sediment accumulated directly behind the rising barrier at this time, T s , is equal to the uplift rate times this time. Substituting t = T s /U into equation 9, we fi nd that D c may be expressed in terms of T s , S b , U, and W b :
The geomorphic character and degree of varnishing of clasts on the smooth preserved remnants of the highest geomorphic surface in the Toro basin suggest that they have undergone only minimal erosional lowering since abandonment and incision . Therefore, the total thickness of the fi ll units (T s ) at the downstream end of the aggrading zone was ~600 m above the current channel elevation. Using this value for T s , U = 0.40-0.64 mm/yr, W b = 48 km, and S b = 0.019, we estimate a maximum value for D c to be 0.0282 m/yr. Using the minimum and maximum bounds for D c and S b , we used equation 9 to calculate the time that it should take the basin to become hydrologically isolated once aggradation began. The model requires between 620-672 k.y. to aggrade to a point where internal drainage is established within this basin. This amount of time is consistent with the 0.98 Ma maximum age of the Quaternary Conglomerate that represents the last basin-fi lling event we model.
Model Results
Using estimated values for k a , h, W b , and W u , we calculated the threshold of hydrologic isolation for various combinations of m and n Whipple et al., 2000) . For the observed geometry of the Toro basin, we , and 9.7 ± 6.5 × 10 −11 when m = 1/3 and n = 2/3, m = 0.4 and n = 1, and m = 5/4 and n = 5/2, respectively.
DISCUSSION
Time Scales of Processes Leading to Basin Filling and Excavation
The stratigraphy of the Toro basin shows that different processes may lead to the fi lling and reexcavation of basin material over various time scales. The Alfarcito and post-0.98 Ma Quaternary Conglomerate record at least two cycles of fi lling and reexcavation. During the fi rst episode, fi lling of the basin proceeded over <7 m.y., producing a sedimentary fi ll whose thickness was certainly greater than 600 m. In a relatively short time (<0.98 m.y.), the trunk stream eroded to a level similar to the present base level and material was removed from the basin. Subsequently, this erosional paleotopography was infi lled to levels ~600 m above the trunk stream. In turn, this fi ll was episodically removed and the drainage became fully integrated with the foreland. Therefore, deposition and erosion cycles in this tectonic environment that involve large volumes of sediments (>61.5 km 3 ) may occur over time scales of 1 m.y. or less, and may oscillate on similar time scales.
In contrast, shorter time-scale events of fi lling and excavation are also recorded within the Quaternary strata of the Toro basin. Trauth and Strecker (1999) describe an onlapping lacustrine deposit that formed behind a landslide dam ca. 30 ka. This landslide may have been triggered by brief periods of intensifi ed precipitation, runoff, and lateral scouring (Trauth and Strecker, 1999) ; however, other large landslides in NW Argentina may also have been triggered by seismic activity (Hermanns and Strecker, 1999) . The landslide dam in the Río Toro gorge was removed shortly after it formed, resulting in the evacuation of most of the lacustrine sediments and associated strata. Therefore, while the short time-scale damming events driven by extreme climatic events or seismicity may lead to high transient aggradation rates, their long-term impact on the basin history may be overwhelmed by the effects of downstream uplift, aggradation, and recapture of the trunk stream at the outlet.
Model Results
The inferred values of the incision rate constant (K) allow us to provide a semiquantitative test for the model of by comparing these values to those determined independently in similar rock types. First, the most comprehensive analysis of the incision of fl uvial systems into bedrock found that the fi rst-order control on K was rock type (Stock and Montgomery, 1999) . This study found that for areas in which the bedrock incision powerlaw exponents (m and n) could be constrained, values of m = 0.4 and n = 1 yielded the best representation of the rates and geometries of the channel profi les over time (Stock and Montgomery, 1999) . For these exponents, K values for granitoid/metasedimentary rocks and volcaniclastic rocks were inferred to be 4.4 × 10 , for sites in Australia and California, respectively. In addition, estimates of K within the Siwalik molasse, Nepal, are between 1.47 × 10 −4 and 1.64 × 10 −4 (Kirby and Whipple, 2001) . Finally, Hilley and Strecker (2004) used a coupled tectonic-erosional model to estimate K values between 1.5 × 10 −5 to 2.5 × 10 −5 and 2.9 × 10 −7 to 2.3 × 10 −7 for the sedimentary and metamorphic rocks exposed in Taiwan and the Himalaya, respectively. In this study, we estimate K to be 1.1 ± 0.7 × 10 −5 in the southern Sierra Pasha. While estimated K values for a given rock type appear to vary over approximately an order of magnitude, differences between rock types may vary up to four orders of magnitude (Stock and Montgomery, 1999; Kirby and Whipple, 2001) . Hence, the low-grade, fractured metamorphic rocks found within this area yield K values that are consistent with those determined elsewhere for similar rock types. Based on these comparisons, it appears that this simple model may capture the essence of channel defeat and the ensuing hydrologic isolation of the basins behind the rising barrier. Therefore, in intramontane basins that undergo aggradation by similar processes, this model may provide insight as to the hydrologic, tectonic, climatic, and lithologic conditions necessary to isolate them from the foreland fl uvial system.
There are several important simplifi cations of the processes leading to the formation of internal drainage in the formulation of and our modifi ed model that warrant discussion. First, the model idealizes aggradation upstream of the rising topography as a diffusion process whose rate constant (υ) scales continuously with the time-averaged discharge and hence the basin area. However, numerous tributaries along the Río Toro cause discharge to increase rapidly where they meet the trunk stream. While these discharge point sources are not explicitly treated in this formulation, their abundance leads to an approximation of a continuous downstream increase in discharge. Second, our calculations do not model a precipitation gradient within the basin but instead use a constant, basin-wide average. In the case of our study area, the basin parallels a high range to the east, and precipitation gradients are small across the area. However, in wide basins or those with signifi cant along-length topography, downstream changes in time-averaged precipitation may complicate the channel defeat threshold encapsulated in equation 1. Third, an implicit assumption of the nonlinear diffusion law in alluvial rivers is that the shear stress required for sediment entrainment is small relative to the shear stress exerted on the channel bed (Paola et al., 1992) . Because no entrainment shear stress is included, the potentially important role of clast-size variations through time (perhaps driven by changing tectonic activity or climatic conditions) is neglected. In the early stages of aggradation, relatively steep channel slopes may cause the channel bed shear stress to greatly exceed the entrainment stress. However, as aggradation proceeds and channel slopes shallow, the channel-bed shear stress may begin to approach the entrainment shear stress, which may reduce transport capacity, favor aggradation, and cause the channel to be defeated earlier than the model predicts. It is important to note that within the Toro basin, there is an increase in average clast size within the post-0.98 Ma Quaternary Conglomerate compared to the underlying Alfarcito Conglomerate, and so this effect may have partially aided aggradation in the basin. While the incorporation of clast-size variations into an internal drainage threshold such as equation 1 is an important problem and should be the subject of further research, the consistency of the incision-rate constants inferred within the Toro with those determined elsewhere suggests that this simple model captures many of the fi rst-order features of aggrading basins. Finally, because the bedrock power-law incision model, used in the detachment-limited portion of the modeled channel, is not based on a specifi c physical process (such as Sklar and Dietrich, 1998) , but rather an energy-expenditure hypothesis (Seidl and Dietrich, 1992) , the comparison of results with controlled experiments may be diffi cult (Sklar and Dietrich, 2001) . As the determination of specifi c bedrock incision mechanisms become better formalized, a more physically based incision rule may come to light. However, Whipple and Meade (2004) argued that the complexities of individual bed-erosion mechanisms and their interaction may be captured by an empirical power-law scaling rule. Therefore, while simple and empirical, the bedrock power-law incision model may provide enough fl exibility to capture the development of incising fl uvial systems over large spatial and temporal scales.
Tectonic and Climatic Infl uences on Basin Filling
Observations from and models of the Toro basin imply that a complex relationship between rock uplift, rock type, and climate may control the oscillatory character of basin development that is also observed in other parts of the Andes or other orogens (e.g., Beer et al., 1990; Upton et al., 2003) . However, the pervasiveness and similarity of these basins suggests that a common set of processes is responsible for their existence. In the case of the Toro basin and other intramontane basins along the eastern Puna margin (Strecker et al., 1989; Strecker et al., 2002) , the establishment of orographic barriers by surface uplift concentrates erosion along the windward eastern range fronts, whereas the leeward basins become increasingly arid (Kleinert and Strecker, 2001) . Basin outlets in this environment always coincide with structurally complex parts of the orogen where along-strike discontinuities allow the fl uvial system to remain connected to the foreland. In addition, these sectors of the orogen coincide with high precipitation gradients that may aid in maintaining external drainage conditions where moisture is funneled into the interior of the orogen. However, changes in climate and hence variability in runoff and sediment, tectonic rates, or the unroofi ng of resistant units may lead to reduced evacuation of sediment and potentially to basin isolation.
Our model provides a means of estimating the potential contribution of rock uplift, precipitation, and exposed rock type on the hydrologic isolation of intramontane basins by considering a range of these values appropriate for actively deforming orogens. First, rock uplift rates may range over three orders of magnitude between 0.1-10 mm/yr (e.g., . Precipitation typically varies over two orders of magnitude between 100-10,000 mm/yr (WMO, 1975; Bianchi and Yañez, 1992) , whereas rock resistance to fl uvial incision varies over four orders of magnitude (Stock and Montgomery, 1999 ). In our model formulation, the threshold of hydrologic isolation is defi ned by U KD c , with D c varying directly with time-averaged precipitation. Given the ranges in possible values for U, K, and D c , our model suggests that the relative importance of these factors (in decreasing order) is rock uplift, resistance of bedrock to fl uvial incision, and precipitation. However, these parameters may not be independent, as the construction of topography modifi es the precipitation (e.g., Roe et al., 2002 Roe et al., , 2003 and perhaps the distribution of deformation and hence rangescale rock uplift rates (e.g., Davis et al., 1983; Dahlen and Suppe, 1988; Willett et al., 1993; Willett, 1999; Schlunegger and Simpson, 2002; Upton et al., 2003) within the orogen.
Careful geomorphic, structural, and sedimentologic observations may help to test the theoretical importance of rock uplift, climate, and exposed rock types in the evolution of these basins. In the case that climatic fl uctuations strongly control these processes, we expect the timing of intramontane basin fi lling and excavation to be synchronous over several degrees of latitude. However, rock uplift rates may vary over much smaller length scales, and if this is the dominant control, we may expect basin fi lling and excavation to be diachronous between individual basins. A series of at least fi ve large intramontane basins situated along the margin of the Puna contain abundant evidence of cyclic fi lling and reexcavation over the last several million years (Strecker et al., 1989; Strecker et al., 2002; Carrapa et al., 2004) . Therefore, a high-resolution documentation of these recurring processes may eventually provide a means of testing the relative importance of tectonic versus climatic forcing factors in controlling basin history.
CONCLUSIONS
1. Sediments within the Toro basin record a transition between a continuous foreland depositional environment and a compartmentalized foreland sometime between 8 and 6 Ma. The foreland was segmented by the uplift of the Sierra Pasha to the east, which reorganized regional drainage and initiated erosion followed by aggradation within the basin that lasted until at least 4.17 Ma. Between this time and 0.98 Ma, deformation shifted into the Toro basin, resulting in the deformation of underlying units and deposition of syntectonic sediments. After 0.98 Ma, the basin was once again excavated, and a currently undeformed coarse conglomeratic unit was deposited. Finally, these basin sediments were episodically reexcavated. Thus, this area has experienced at least two cycles of fi lling and reexcavation in Plio-Pleistocene time, and these processes appear to be a long-lived feature of this basin.
2. Geologic observations suggest that channel steepening driven by uplift within the Sierra Pasha Sur has caused the most recent aggradation event and probably previous aggradation episodes. The sedimentary provenance and geometry of Quaternary erosion surfaces suggest that uplift within the Sierra Pasha and the Sierra Pasha Sur either pushed the Río Toro close to or over its threshold of defeat. This resulted in basin fi lling and possibly the hydrologic isolation of this basin in the last 0.98 m.y.
3. Using our geologic and geomorphic observations, a synthesis of published geologic data, and DEM analysis, we constrained the parameters of a modifi ed version of a model of the establishment of internal drainage by downstream channel steepening proposed by . Using this model, we solved for the poorly constrained bedrock incision rate constant, K, within the Sierra Pasha Sur required to bring the Río Toro close to its threshold of defeat. We infer K values for the fractured and weakly metamorphosed metasediments of the Sierra Pasha Sur to be 3.8 ± 1.2 × 10 −5 , 3.2 ± 1.0 × 10 −5 , and 1.6 ± 0.51 × 10 −10 when m = 1/3 and n = 2/3, m = 0.4 and n = 1, and m = 5/4 and n = 5/2, respectively. These estimates fall between those for metasediments/granitoids and volcaniclastics/ mudstones presented by Stock and Montgomery (1999) for m = 0.4, n = 1. While there is no direct lithologic equivalent for which these values have been estimated, our range determined for rocks of the Sierra Pasha Sur are qualitatively reasonable. Therefore, given the inherent uncertainties in the erosional exponents and incision constant in the stream-power bedrock incision model, the simple model of seems to capture the general processes of fi lling and perhaps the establishment of internal drainage observed within the Toro basin and may be used to understand these processes within other basins with similar histories along the Puna margin in NW Argentina and other orogens.
